Introduction
As recently as 30,000 years ago anatomically modern humans coexisted with other hominins, such as Neanderthals and Denisovans ( Figure 1A ). Advances in ancient DNA extraction and sequencing technologies have enabled high-quality Neanderthal and Denisovan (Meyer et al., 2012 ) reference genomes to be developed, and in doing so provided the tools to definitively address an often heatedly debated topic in human evolution: did our ancestors interbreed with archaic humans? Analyses leveraging these archaic whole-genome sequences showed that hybridization did indeed happen between our ancestors and Neanderthals Yang et al., 2012; Sankararaman et al., 2012; Prü fer et al., 2014) and Denisovans (Reich et al., 2010; Reich et al., 2011) . In particular, all non-Africans inherited approximately 2% of their genome from Neanderthal ancestors and individuals of Melanesian ancestry inherited approximately 4%-6% of their genome from Denisovan ancestors. Note, the number of hybridization events compatible with the observed levels of archaic ancestry is currently unknown and difficult to estimate precisely as it requires tenuous assumptions about a range of parameters such as historical population sizes and fitness of hybrid offspring.
More recently, the focus of admixture studies has shifted from testing the hypothesis that archaic admixture occurred to identifying the specific sequences that were inherited from archaic ancestors. The two largest studies to date searched for surviving Neanderthal sequences in whole-genome sequence data from individuals of European and East Asian ancestry Vernot and Akey, 2014) . While these studies used different methodological approaches (reviewed by Racimo et al., 2015) , the key population genetics signatures that allow archaic sequences to be identified are unusually high genetic divergence from the human reference genome and high sequence similarity to the Neanderthal reference genome over long (30-100 kb) stretches of DNA. In total, Vernot and Akey (Vernot and Akey, 2014) identified 600 Mb of introgressed Neanderthal sequence and Sankararaman et al. reported 1.1 Gb of introgressed sequence, representing 20% and 35%, respectively, of the Neanderthal genome. Thus, although any given individual carries only a small amount of Neanderthal sequence, cumulatively a substantial amount of the Neanderthal genome persists in the modern human population and can be recovered by aggregating across hundreds of individuals.
Beyond characterizing the extent of archaic admixture that occurred in East Asians and Europeans, the identification and analysis of surviving Neanderthal sequence in contemporary individuals has revealed a number of fascinating insights about human evolutionary history. Here, we briefly summarize what has been gleaned from studies of archaic hominin admixture, identify existing gaps in knowledge, and suggest fruitful areas of future inquiry.
Widespread Purging of Neanderthal Sequence in Modern Humans
A striking feature of Neanderthal admixture maps is that the amount of surviving Neanderthal sequence varies considerably across the genome ( Figure 1B ; Sankararaman et al., 2014, Vernot and Akey 2014) . Such marked heterogeneity suggests that there may have been fitness consequences to hybridization and some Neanderthal sequences were deleterious in the background of modern human genomes. Consistent with this hypothesis, the frequency of Neanderthal alleles is negatively correlated with inferred functional importance , and the odds of observing Neanderthal sequence in a region is inversely proportional to the amount of sequence divergence between the modern human and Neanderthal genome (Vernot and Akey 2014) . Both of these signatures are expected if introgressed Neanderthal sequence experienced widespread purifying selection in modern humans. Moreover, the X chromosome is significantly depleted of Neanderthal sequence, with an approximate 5-fold reduction in Neanderthal ancestry compared to autosomes , suggesting reduced fitness in male hybrid offspring (and perhaps male hybrid sterility), a phenomenon observed in many other species (Orr, 1997) . Testis-specific genes are significantly enriched in regions depleted of Neanderthal sequence , further supporting the inference of reduced fitness in male hybrid offspring. It is important to note that the amount of divergence between modern humans and Neanderthals is lower on the X chromosome, which may reduce power to detect introgressed sequence. Nonetheless, although additional work remains to fully evaluate the inference of male hybrid sterility, it is consistent with the other observed signatures of widespread purifying selection on Neanderthal sequences .
In addition to these global genomic signatures of purifying selection acting on introgressed Neanderthal sequence, maps of Neanderthal admixture also reveal a number of specific genomic regions that exhibit especially strong depletion of Neanderthal haplotypes ( Figure 1B ; Sankararaman et al., 2014, Vernot and Akey 2014) . These ''deserts'' of Neanderthal sequence are particularly interesting because they may delineate regions that contribute to uniquely modern human phenotypes. For example, the largest Neanderthal desert on the autosomes spans a 15 Mb region on chromosome 7 (Vernot and Akey 2014) and contains the gene FOXP2, a developmentally important transcription factor that has previously been implicated in speech and language (Enard et al., 2003) . However, additional work is necessary to rule out other potential explanations for the origins of Neanderthal deserts, such as inversions (which suppress recombination) or unrecognized extreme demographic histories (such as periods of very small population size in modern humans at the time of admixture). One promising approach in interpreting the biological significance of Neanderthal deserts is the construction of archaic admixture maps for other hominin groups, such as Denisovans. Deserts that replicate across multiple archaic hominins may be of particular biological interest and help refine the genomic substrates of uniquely modern human traits.
Adaptive Introgression
Since archaic hominins lived in Europe and Asia for at least 200,000 years before modern humans migrated to these regions, they likely had already acquired adaptive mutations that were beneficial to the unique environmental pressures that they evolved in. It is easy to imagine that this variation would have experienced strong positive selection in modern humans who acquired it through hybridization (Racimo et al., 2015) . Whole-genome Neanderthal admixture mapping has identified several Neanderthal haplotypes that persist at higher frequencies than can be explained by genetic drift (Sankararaman et al., 2014, Vernot and Akey 2014; Racimo et al., 2015) . Strikingly, both Sankararaman et al. (2014) and Vernot and Akey (2014) identified three genes in the small set of putative adaptively introgressed loci that play important roles in hair and skin biology. Although the specific selective pressure underlying the adaptive introgression at these loci is unknown, it is interesting to note that one of these genes, BNC2 ( Figure 1B) , has recently been shown to influence skin pigmentation levels in Europeans (Jacobs et al., 2013) .
Targeted studies of individual loci have also shown that contact with archaic hominins resulted in adaptive introgression. Perhaps the most dramatic example is that a haplotype of EPAS1 that was previously shown to confer adaptation to high altitude in Tibetans (likely by lowering hemoglobin concentration) was found to be inherited from a Denisovan-like ancestor (Huerta-Sá nchez et al., 2014). Similarly, adaptive introgression of Neanderthal or Denisovan sequences has been hypothesized for HLA (Abi-Rached et al., 2011) and STAT2 (Mendez et al., 2012) , both of which play important roles in the immune response, which is a well-known substrate of selection. Unlike the EPAS1 haplotype, introgressed haplotypes in these genomic regions are present in multiple human populations.
Thus, archaic admixture appears to have been more than a curious feature of human evolutionary history. Specifically, gene flow from archaic hominins provided important adaptive benefits to our ancestors as they dispersed out of Africa into new environments. To date, the causal alleles underlying adaptive introgression have not been identified. However, in contrast to recent selective sweeps, which often delimit large genomic regions (500 kb; see Akey, 2009 ), observed adaptively introgressed haplotypes are typically an order of magnitude smaller (median size 50 kb), which should facilitate fine-scale mapping and experimental studies of putative causal adaptive alleles.
Archaic Admixture Informs Demographic Models of Human History
Initial studies of Neanderthal admixture in geographically diverse populations suggested that all non-African populations had approximately the same levels of Neanderthal ancestry . Thus, the most parsimonious model to explain these data was that hybridization occurred once in the ancestral population to all present day non-Africans, likely in the Levant shortly after the dispersal of modern humans out of Africa (Sankararaman et al., 2012) . The identification of specific surviving Neanderthal sequence, however, allowed more refined estimates of Neanderthal ancestry in different populations and, unexpectedly, East Asian individuals were found to have on average 20% more Neanderthal sequence than European individuals (Wall et al., 2013 , Vernot and Akey 2014 .
The observation of higher Neanderthal ancestry in East Asians prompted reconsideration of the single-pulse model, and new models suggest at least two distinct admixture events-an initial pulse of admixture into the common ancestor of all present day non-African populations and an additional pulse of admixture into the ancestors of East Asians after their divergence from European populations ( Figure 1C ; Vernot and Akey 2014 ). An alternative explanation that has been proposed is a single pulse of admixture followed by less efficient purging of deleterious Neanderthal sequence in East Asians , given their smaller effective population sizes (Keinan et al., 2007) . More recent analyses Akey, 2015, Kim and Lohmueller, 2015) using distinct statistical approaches found that the two-pulse model better explained the data. Even more directly, the recent observation of Neanderthal admixture in a 40,000 year old early modern human individual from Romania (Fu et al., 2015) dramatically shows that admixture occurred in multiple places and times. It is important to stress that even a two-pulse model of admixture with Neanderthals is likely a simplification, and as shown by Vernot and Akey (2015) additional admixture scenarios are also compatible with currently available data.
Currently, much less is known about admixture dynamics between modern humans and Denisovans, whose genetic contribution has been definitively found only in Melanesians (Reich et al., 2010; Reich et al., 2011) , with potentially very low levels of Denisovan ancestry in East Asians (Skoglund and Jakobsson, 2011) . Papua New Guineans carry the highest level of Denisovan ancestry (4%-6% of the genome) among all populations studied to date, with other Southeast Asian island populations generally showing Denisovan ancestry levels consistent with indirect acquisition of introgressed sequence through recent gene flow from populations related to Papua New Guineans (Reich et al., 2011) . These findings, combined with the observed frequencies of Neanderthal ancestry, suggest that modern humans peopled Asia in at least two distinct waves, with one wave taking a southern route and acquiring Denisovan ancestry and a separate wave responsible for colonization of East Asia and Indonesia. The fossil evidence of Denisovans is limited to a single specimen discovered much farther north, in Siberia, but the geographic pattern of Denisovan ancestry strongly suggests that Denisovans had a range that extended into Southeast Asia ( Figure 1A ). These inferences demonstrate how studies of archaic admixture can be incorporated with other information to refine demographic models of modern human history.
Future Challenges and Opportunities
Recent studies of archaic hominin admixture in modern humans have provided fascinating new insights into human evolutionary history and the role that hybridization has played in shaping extant patterns of human genetic variation. Despite this progress, considerable gaps in knowledge remain. Perhaps most obviously, it will be of great interest to comprehensively identify Neanderthal and Denisovan sequences in geographically diverse populations. Such data will be critical for refining admixture models and may lead to the identification of additional examples of adaptive introgression. Furthermore, creating maps of surviving archaic sequences across globally diverse populations will enable introgression deserts to be identified with more precision and confidence, which ultimately may allow the genetic substrates of uniquely modern human traits to be discovered.
Another key opportunity is to systematically explore the phenotypic legacy of archaic hominin admixture. Initial analyses have already shown that genetic variation inherited from Neanderthals contributes to a wide range of human diseases Williams et al., 2014) . For example, a type 2 diabetes risk haplotype that is common in Latin Americans and East Asians but rare in Europeans has been found to originate in Neanderthals (Williams et al., 2014) . Moreover, the resources to perform phenome-wide association studies by integrating electronic medical records with variants that tag archaic haplotypes are becoming increasingly available (Denny et al., 2013) . Such analyses will allow comprehensive insights into how hybridization has contributed to human phenotypic diversity, and whether particular diseases have a disproportionately high burden attributable to risk variants inherited from archaic ancestors.
Furthermore, new methodological tools need to be developed to fully exploit the information contained in catalogs of introgressed sequence identified in geographically diverse populations. In contrast to sequencing ancient DNA from a single fossil, the recovery of surviving archaic sequences in modern humans provides population level data in that the sequences recovered come from multiple archaic ancestors. Thus, in theory, more powerful population genetics inferences are possible compared to cases where genetic information exists for a single individual. Methodological innovations will bring us closer to answering questions such as the size and genetic structure of archaic populations, the number of archaic ancestors that contributed to surviving archaic sequence in modern humans, dates of introgression, and whether sex-biased admixture occurred.
Finally, we anticipate that future studies of archaic admixture will increasingly focus on identifying and characterizing DNA sequences in the genomes of modern humans that were inherited from hominins other than Neanderthals or Denisovans. The study of African populations may be particularly fruitful, as many hominin lineages existed in Africa. Indeed, preliminary genetic evidence of introgression from an unknown hominin ancestor has been observed in several African populations (Hammer et al., 2011; Lachance et al., 2012) . The absence of reference genome sequences will complicate the search for gene flow from unknown hominin lineages, although population genetics tools do exist for identifying putatively introgressed sequence without explicitly using an archaic reference genome (Hammer et al., 2011, Vernot and Akey 2014) . Despite these challenges, excavating extinct hominin lineages that persist in the DNA of contemporary individuals may be the only way to identify such groups where no ancient DNA or fossil data exists.
In summary, although the amount of surviving archaic sequence in any individual modern human genome is small, archaic admixture has had a profound lasting impact, not only in shaping who we are today but also in informing us about our history. Ironically, studying the scattered remnants of surviving archaic DNA that persist in modern humans may lead to a deeper understanding of why we survived to expand and thrive while our close relatives did not.
